Plant growth rate is largely determined by the transition between the successive phases of cell division and expansion [1] . A key role for hormone signaling in determining this transition was inferred from genetic approaches and transcriptome analysis in the Arabidopsis root tip [2] [3] [4] [5] . We used the developmental gradient at the maize leaf base as a model to study this transition, because it allows a direct comparison between endogenous hormone concentrations and the transitions between dividing, expanding, and mature tissue. Concentrations of auxin and cytokinins are highest in dividing tissues, whereas bioactive gibberellins (GAs) show a peak at the transition zone between the division and expansion zone. Combined metabolic and transcriptomic profiling revealed that this GA maximum is established by GA biosynthesis in the division zone (DZ) and active GA catabolism at the onset of the expansion zone. Mutants defective in GA synthesis and signaling, and transgenic plants overproducing GAs, demonstrate that altering GA levels specifically affects the size of the DZ, resulting in proportional changes in organ growth rates. This work thereby provides a novel molecular mechanism for the regulation of the transition from cell division to expansion that controls organ growth and size.
Plant growth rate is largely determined by the transition between the successive phases of cell division and expansion [1] . A key role for hormone signaling in determining this transition was inferred from genetic approaches and transcriptome analysis in the Arabidopsis root tip [2] [3] [4] [5] . We used the developmental gradient at the maize leaf base as a model to study this transition, because it allows a direct comparison between endogenous hormone concentrations and the transitions between dividing, expanding, and mature tissue. Concentrations of auxin and cytokinins are highest in dividing tissues, whereas bioactive gibberellins (GAs) show a peak at the transition zone between the division and expansion zone. Combined metabolic and transcriptomic profiling revealed that this GA maximum is established by GA biosynthesis in the division zone (DZ) and active GA catabolism at the onset of the expansion zone. Mutants defective in GA synthesis and signaling, and transgenic plants overproducing GAs, demonstrate that altering GA levels specifically affects the size of the DZ, resulting in proportional changes in organ growth rates. This work thereby provides a novel molecular mechanism for the regulation of the transition from cell division to expansion that controls organ growth and size.
Results and Discussion
Growth-Related Hormones Are Differentially Distributed within the Growth Zone The maize leaf is a promising model for investigating the molecular mechanisms controlling growth, because of the linear organization of cell division and expansion along its longitudinal axis. The division zone (DZ) encompasses several centimeters at the leaf base where cell division takes place, whereas the expansion zone (EZ) is located in the adjacent centimeters [6] , a separation that allows molecular characterization with a subzonal resolution [7] . The boundary between the DZ and EZ can be localized by the identification of the most distal mitotic events in DAPI stained samples (Figures S1A and S1B available online) [8] and the expression levels of mitosis-specific genes such as B-types cyclindependent kinases (CDKs) and B-type cyclins [9] . Plant hormones are proposed to play an important role in the spatial control of the division and expansion process [4] , but the experimental evidence has been limited to expression analysis of hormone-responsive genes [10] and the effects of mutations [11] .
To gain deeper insight in the role of plant hormones in organ growth control, we aimed to correlate endogenous plant hormone concentrations with the spatial distribution of cell division and expansion in the growing maize leaf ( Figure 1A ). The concentrations of auxin (IAA), cytokinins (CKs), the brassinosteroid castasterone (CS), and gibberellins (GAs) varied significantly across the developmental gradient (p < 0.05, n = 5) (Figure 1B-1D ; Figure S1C ). Endogenous concentrations of IAA and CKs were the highest at the leaf base and decreased to a basal level at the distal boundary of the DZ ( Figures 1B and 1C ). CS could not be measured at the same resolution, but its concentration was also higher in the DZ compared to the EZ and mature zone (MZ) ( Figure S1C ). Remarkably, bioactive GAs (GA 1 and GA 4 ) peaked at the transition between the DZ and the EZ ( Figure 1D ).
The levels of stress-related hormones [12] , abscisic acid, jasmonic acid, and salicylic acid did not differ significantly along the leaf ( Figure S1C ). These data indicate that the stress-related hormones are unlikely to regulate developmental transitions but reflect a broader role involving the inhibition of cell division [13, 14] , cell expansion [12, 15] , and stomatal closure in the mature tissue [16] .
The Interplay between GA Biosynthesis and Degradation Results in a Narrow Accumulation Peak of GA To elucidate the mechanism that causes the remarkable accumulation of GA 1 at the transition, we measured the endogenous concentrations of GA-biosynthetic and catabolic intermediates [17] , as well as transcript levels of GA biosynthesis and catabolism genes along the growth zone in B73 leaves ( Figure S2 ). The earliest intermediate measured, GA 12 , was constant over the growth zone, whereas the subsequent GA-intermediates, GA 53 , GA 44 , and GA 19 , resulting from GA13-and GA20-oxidation of GA 12 , showed a pattern similar to that of the downstream GA 1 , implying that the high GA 1 levels in the DZ are controlled by these early biosynthesis steps. Consistently, the transcript levels of genes encoding the enzymes responsible for the oxidation of GA20 and GA3 peaked where GA 1 accumulated, in contrast to the genes involved in the earlier biosynthetic steps of GA 1 (ent-copalyl diphosphate synthase, ent-kaurene synthase, and entkaurene oxidase). The precursor GA 20 is detected at low levels and fails to show the same accumulation profile, suggesting that this is a transient intermediate subject to high turnover by GA3-oxidase into the bioactive GA 1 . These results indicate that the transcriptional control of GA20-oxidase and GA3-oxidase is the rate-limiting step for the biosynthesis of GA 1 in maize leaves, which is consistent with earlier data in Arabidopsis [18] .
The narrow profile of the GA peak suggests a strict regulatory mechanism. High levels of GAs, as observed in the DZ ( Figure 2D ; Figure S2 ), have been shown to inhibit their biosynthesis and activate their catabolism [17] . Therefore, we examined whether GA was actively catabolized near the boundary between the DZ and EZ. GA 8 , the main catabolic product of GA 1 [17] , and the expression levels of GA2-oxidases responsible for this conversion showed a peak distribution similar to GA 1 , but displaced by 1 cm toward the tip of the leaf ( Figure S2 ). The accumulation of GA 8 at the position when the levels of GA 1 are declining suggests that GA catabolism plays a role in the maintenance of the localized GA accumulation at the transition from division to expansion. Hormone concentrations can vary due to combinations of dilution by cell expansion [19] and net production and catalysis. To confirm the role of active local GA catabolism we calculated the GA 1 accumulation rate, based on the GA 1 levels along the leaf and the velocity profile derived from the cell length distribution and leaf elongation rate [8, 20] . This shows that the accumulation rate becomes significantly negative immediately distal to the boundary between cell division and expansion ( Figure 2D ; Figure S2 ), confirming that in addition to dilution by cell growth, catabolic activity and/or active export of GA 1 takes place. Together, these mechanisms cause rapid GA 1 decline and limit high GA 1 to a narrow peak around the boundary between the DZ and EZ.
GA Is Necessary for the Position of the Transition from Cell Division to Cell Expansion
The strictly controlled accumulation of bioactive GAs at the transition zone suggests an important role for GA in the spatial control of the cell division and expansion. This was also inferred by recent genetic studies showing an accumulation of GA responsive transcripts at the transition zone of Arabidopsis roots [10] and in the DZ of maize leaves [7] and by evidence that GA controls the size of the Arabidopsis root meristem [21] .
To investigate the consequence of reduced GA levels on GA accumulation and the transition between cell division and expansion in the maize leaf, we analyzed the dwarf3 mutant, defective in the conversion of ent-kaurenoic acid to GA 12 early in GA biosynthesis [22] (Figure S2 ). This mutation blocked the biosynthesis of GA 1 almost completely [22] and strongly reduced its concentration throughout the growth zone (Figure 2A) . Curiously, the distributions of remaining GA 1 and GA 8 still showed a distinct maximum that was located closer to the leaf base than the substantially higher peak in wildtype (WT) plants (Figure 2A) . Consistent with its dwarf phenotype [22] (Figure 3A) , mutant leaf growth, measured as leaf elongation rate, only reached one-third of the rate of the WT ( Figure 3C ). Kinematic analysis revealed that the growth inhibition in dwarf3 was primarily due to a smaller size of the DZ (Figure 3E ; Table S1A), which consequently contained fewer dividing cells (Table S1A ; Figures S3A and S3B ). Lowered GA levels result in a smaller peak, which is shifted toward the base of the leaf (Figure 2A ) coinciding with the location of the transition from division to expansion, showing that GAs play a role in positioning the division-to-expansion transition. In addition, we also analyzed the dwarf8 mutant, defective in GA signaling by DELLA stabilization [23] . This mutant phenocopied the dwarf3, with reduced leaf growth caused by a reduced DZ (Table S1B), indicating that the positioning of the transition is accomplished through a DELLA-dependent GA signaling.
Increased GA Levels Can Increase Cell Division and Leaf Elongation Rates
The results of the mutants predicted that an increased production of GAs would drive additional cell divisions and increase the size of the DZ thereby enhancing leaf growth. To investigate this, we constructed maize plants overproducing the rate-limiting enzyme AtGA20-oxidase1 (UBI::GA20-OX), which was previously shown to enhance GA production and growth in Arabidopsis [24, 25] . Across independent transformants, the transcript level of AtGA20-oxidase1 correlated positively with growth ( Figures S4A-S4F ) and plant height (Figures 2B and 3B) . The strongest overexpression line, UBI::GA20-OX-1, showed elevated GA biosynthesis along the entire growth zone as evidenced by the GA20-oxidation metabolites, GA 44 , GA 19 , and GA 20 , resulting in a 3-fold higher concentration of bioactive GA 1 at the transition ( Figure 2E ). The elevated GA levels in the UBI::GA20-OX-1 resulted in a 40% increase in leaf elongation rate ( Figure 3D ) and microscopic analysis of mitotic cells indicated an increased size of the DZ ( Figure 3F ). Kinematic analysis showed that the increased size of the DZ and thereby the larger number of dividing cells (Table  S1C) fully accounted for the enhanced growth ( Figure 3F ; Table S1C ). The enlarged DZ was independently validated by the expression profiles of the mitosis markers CDKB1-1 and CyclinB2-2 [9] (Figures S4C and S4D) . Together, these data demonstrate that elevated levels of GAs are able to drive additional cell divisions at the boundary between the DZ and EZ. The mechanism by which GA regulates maize leaf growth differs from the published role of GAs in internode and hypocotyl elongation, where GA mainly stimulates cell expansion [26] . We also found a strong effect on cell expansion in the internodes of our UBI::GA20-OX-1 line (Figures 2B and 2C ; Figures S4G and S4H) , demonstrating GA performs distinct functions in the different organs of the same plant.
Remarkably, in the UBI::GA20-OX-1 line, the amplitude but not the localization of the GA 1 peak was altered although the GA precursors levels were induced across the entire leaf ( Figure 2E ), suggesting a regulation downstream of GA biosynthesis. To determine the role of GA catabolism in this restriction of GA accumulation, we measured the catabolite levels, expression levels of the catabolic genes, and GA 1 accumulation rates in the UBI::GA20-OX-1 line. The main GA 1 catabolic product, GA 8 , accumulated at much higher levels but at the same position as in the corresponding WT, w1 cm more distal than the GA 1 peak ( Figure 2E ). Also the levels of the GA2-oxidases are much more elevated at the boundary between the dividing and the expanding cells in the UBI::GA20-OX-1 line, as compared to WT ( Figure 2E ). In addition, the enhanced GA catabolism in the UBI::GA20-OX-1 line was reflected by more negative GA 1 accumulation rates ( Figure 2D ). Taken together, we conclude that the levels of bioactive GA 1 determine cell-cycle exit and onset of cell expansion. The 3-fold higher accumulation of GA 1 in the UBI::GA20-OX-1 line, despite increased degradation results in a delay to reach the threshold level of GA 1 below which cell division stops. (E) Concentrations of metabolites (black) and transcript levels (red) in the GA metabolic pathway in UBI::GA20OX-1 and its WT. Vertical lines indicate the distal boundary of DZ in WT (solid) and UBI::GA20OX-1 (dashed). Values are averages 6 SE (n = 3). See also Figure S2 and Table S2 .
GA Drives Cell Division at the Distal End of the Division Zone
The occurrence of cell division in the basal region of the DZ in the dwarf3 mutant, with low levels of remaining bioactive GAs, suggests that cell division in this region is independent of GA. This implies that another factor drives cell divisions at the base and that the GA maximum is necessary to maintain cell division at the distal end of the DZ. Our direct quantification of hormone levels along the developmental gradient in the maize leaf implicates auxin, cytokinin, and the brassinosteroid CS as plausible candidates to promote cell division in the basal region (Figures 1B and 1C ; Figure S1C ). Brassinosteroids were shown to control the size of the Arabidopsis root meristem [27] , and high auxin and cytokinin levels, as observed in the basal part of the DZ, are known to promote cell division [28, 29] . Interestingly, high auxin levels induce GA biosynthesis [30] , whereas subsequent high GA levels induce GA catabolism [17] , providing a mechanism whereby both auxin and GA levels rapidly decrease toward the transition, promoting cell differentiation over cell division. In the dwarf3 mutant, high levels of auxin at the leaf base are unable to stimulate GA biosynthesis, leading to maintained auxindriven cell division in the basal part and less GA accumulation and cell divisions in the distal part of the DZ. In this way, the combination of auxin-GA crosstalk and GA-self-regulating properties dictates the size of the DZ and thereby controls the growth of the maize leaf as a whole.
Conclusions
The observation that GA accumulation is restricted to a spatially localized ''hot spot'' at the boundary of the DZ and Leaf growth phenotypes (A and B), leaf elongation rate (C and D), and cell length profiles (E and F) of the dwarf3 mutant, the UBI::GA20OX-1 line and their WTs. The difference in final cell length in (E) is not significant (p = 0.08). Vertical lines indicate the distal boundary of DZ in WT (solid), UBI::GA20OX1, and dwarf3 (dashed). Arrows mark the changes compared to WT. Symbols are averages 6 SE (n = 3). See also Figure S3 and Table S1 .
EZ provides an important growth control mechanism and stresses the relevance of precision sampling. Moreover, our spatial data provide a detailed mechanistic insight into a molecular mechanism of a previously hypothesized function of GA in controlling organ growth and size ( Figure 4 ). In plants with normal, low, and elevated GA levels, the bioactive GA1 (blue) and catabolic GA8 (red) levels were measured (pg per mg of dry weight), the position of the transition (dashed line) between the DZ (yellow) and the EZ (purple) was determined microscopically, and the final leaf size was recorded. See also Figure S4 .
